We have studied the effect of strain relaxation in small Si/SiGe resonant-tunneling diodes ͑RTD's͒ on the tunneling of holes through these structures. We have used RTD's mesa-etched into dots and wires, the lateral dimensions ranging from 10 m down to 230 nm. In the dots we find a very strong shift of the light-hole ͑LH͒ resonance in the tunneling spectrum as the dot diameter decreases below 1 m, while the position of the heavy-hole ͑HH͒ resonance is constant. In the wires, on the contrary, this size effect in the tunneling is completely absent: both peak positions are constant. This behavior, including the surprising insensitivity of the tunneling spectrum to the wire width, arises from a substantial degree of strain relaxation in the SiGe layers of the devices. This interpretation is supported by the strain dependencies we derive for the HH and LH barrier heights, and the HH-LH splitting in the quantum well. The combined effect of these quantities on the peak voltages agrees qualitatively with the experimental data, when we assume that in the dots the relaxation is biaxial, while in the wires it is predominantly uniaxial. The interpretation is also consistent with magnetotunneling-spectroscopy data, which reflect the in-plane anisotropy of the LH quantum-well subband. We find for all dot diameters a fourfold rotational symmetry of the shift of the LH resonance and for the wires a remarkable transition from a fourfold to a pronounced twofold rotational symmetry of this shift as the wire width decreases below 900 nm. This transition is interpreted as evidence for the strong influence of uniaxial relaxation on the in-plane dispersion. ͓S0163-1829͑98͒00604-3͔
I. INTRODUCTION
Strain strongly influences the valence band of Si and SiGe. It lifts the degeneracy of the heavy-hole ͑HH͒ and light-hole ͑LH͒ band edges and determines the dispersion of the HH and LH bands. In p-type Si/SiGe devices the SiGe layers are usually coherently strained with respect to the Si substrate. However, it is well established that elastic strain relaxation can occur at Si/SiGe mesa side walls. 1 In structures with small lateral dimensions this leads to a large reduction of the average strain in the SiGe layers, and thus to a dramatic change of their electrical properties. Therefore, size effects in the electrical transport induced by strain relaxation are of great importance in small microelectronic Si/SiGe devices.
Small double-barrier resonant-tunneling diodes ͑RTD's; see Fig. 1͒ , which are receiving renewed attention in view of application in ultralow power memories, 2 are very well suited to study the effect of strain relaxation on the valence band. For example, the voltage splitting between the first heavy-hole and light-hole resonances ͑HH 0 and LH 0 , respectively͒ in the I-V characteristics of cylindrical Si/SiGe RTD's was recently found to decrease clearly as the mesa diameter falls below 1 m. 3 This was explained by a reduction of the bulk HH-LH band-edge splitting caused by partial relaxation of the strain in the SiGe layers. Also the in-plane dispersion E(k ʈ ) of the quantum-well subbands can be mapped in RTD's, using magnetotunneling spectroscopy with the magnetic field B in the plane of the quantum well. 4 Holes tunneling to the quantum well over a distance ⌬z acquire extra kinetic crystal momentum ប⌬k ʈ ϭeB⌬z in the in-plane direction perpendicular to the magnetic field. The resulting peak shift ⌬V p is approximately proportional to E(⌬k ʈ ). With angle-resolved magnetotunneling spectroscopy, where the peak shifts are measured at different directions of the magnetic field, the in-plane anisotropy of the quantum-well subbands in large-area Si/SiGe, 5, 6 InGaAs/AlAs, 7 and GaAs/AlAs ͑Ref. 8͒ RTD's was observed.
In this paper, we report a study of the size dependence of resonant tunneling in high-quality Si/SiGe double-barrier dots and wires with lateral dimensions between 230 nm and 10 m. Surprisingly, while dots show a strong diameter dependence of the HH 0 -LH 0 voltage splitting, we find no significant change of the peak voltages in wires of comparable widths. We have studied this interesting effect in more detail using angle-resolved magnetotunneling spectroscopy to FIG study the strain-relaxation-induced size dependence of the in-plane anisotropy. The result is a fourfold rotational symmetry of the voltage shift of the LH 0 resonance in the dots. In the wires, on the contrary, this symmetry gradually changes to a pronounced twofold rotational symmetry in the narrowest wires. We attribute the above findings to strain relaxation in the SiGe layers of the devices. This explanation is supported by the strain dependencies we derive for the HH and LH band properties that are relevant to the peak voltages, both for the dots and the wires. For the dots we assume biaxial strain relaxation and for the wires uniaxial strain relaxation. For the wires we also derive the in-plane anisotropy of the LH band. The result of this supports the interpretation that the wirewidth dependence of the symmetry of the LH 0 voltage shift is caused by uniaxial strain relaxation. This paper is organized as follows. The details of the layered Si/SiGe structure and the device fabrication are described in Sec. II. In Sec. III we present the experimental results. First the size dependence of the I-V characteristics of dots and wires is given, then the magnetotunnelingspectroscopy data are presented. In Sec. IV the data are interpreted. The effects of biaxial and uniaxial strain relaxation on the subband-edge energies are analyzed and it is discussed how uniaxial strain relaxation influences the in-plane symmetry of the LH 0 subband. Finally, in Sec. V a summary and the conclusions are given.
II. LAYERED STRUCTURE AND DEVICE FABRICATION
Our devices were fabricated from a layered structure that was grown with solid-source molecular-beam epitaxy on a p ϩ -type Si ͑001͒ wafer. The layer thicknesses were determined with transmission electron microscopy ͑TEM͒. The nominally undoped double-barrier region consists of a strained 3.3-nm Si 0.78 Ge 0.22 quantum well and two 5.9-nm Si barriers. The 32-nm-thick electrodes adjacent to the barriers are also Si 0.78 Ge 0.22 . The inner half of the electrodes was nominally undoped to suppress dopant incorporation in the barriers. The layered structure was grown on a 500-nm-thick p ϩ -type Si buffer and contacted with a 315-nm-thick p ϩ -type Si cap layer. The B concentration in the p ϩ layers is 1ϫ10 19 cm
Ϫ3
. TEM revealed that dislocations are present at the interfaces between the electrodes and the buffer layer or cap layer. From the dislocation density it was estimated that on the average 8% of the compressive strain in the SiGe layers is relaxed. Further processing was similar to that of Ref. 3 . First mesas were etched by reactive-ion etching in a SiCl 4 /Cl 2 plasma using a chromium mask fabricated by electron-beam lithography and lift-off. After removal of the mask SiO 2 was deposited at Tϭ350°C by plasma-enhanced chemical vapor deposition. The mesa top was uncovered by chemical mechanical polishing followed by etch-back of the SiO 2 layer. Al-Si͑1%͒ and Al were used for metallization on the top and the backside, respectively. Finally, the chips were annealed in forming gas at Tϭ400°C to improve the contact quality. Dots with diameters d between 230 nm and 10 m and 1.1-m-long wires with widths w between 250 and 900 nm were fabricated on the same chip. The wires were oriented along a ͗110͘ axis to within 1°. The ratio between the total thickness of the SiGe layers and the dot diameter or wire width is such ͑ϳ1:3.5 in the smallest devices͒ that strong elastic strain relaxation can be expected. This follows from the amount of strain relaxation in SiGe wires fabricated on Si substrates. It was shown by Raman measurements and finite element calculations that the amount of strain relaxation in the middle of the surface layer of such a wire is larger than 20% if the ratio between height and width of the wire is larger than 1:20. 
III. EXPERIMENTAL RESULTS

A. I-V characteristics
Two-point I-V measurements were performed at T ϭ4.2 K. The I-V characteristics were nearly identical for positive and negative bias voltage. Typical examples are shown in Fig. 2 for dots and for wires. In the dϭ10 m dots ͑of which the curves are not shown͒ and the 5 m dots two resonances with negative differential resistance are observed for both current directions. In the emitter only HH states are occupied due to the strain-induced HH-LH splitting, so that tunneling particles initially are heavy holes. The first resonance at ͉V p ͉Ϸ200 mV is due to resonant tunneling via the HH 0 quantum-well subband and the second corresponds to the LH 0 quantum-well subband. The peak-to-valley ratios of the HH 0 and LH 0 resonances are 1:4.6 and 1:2.2, respectively. This is comparable to the highest values reported for Si/SiGe RTD's. 11, 12 In Fig. 2 it is seen that the LH 0 resonance undergoes a strong shift to lower voltage with decreasing dot diameter, while the position of the HH 0 resonance is constant. For the wires the situation is different, since in these, both resonances stay at the same voltage for decreasing width. The observed behavior is shown more clearly in Fig. 3 , where the peak voltages V p HH 0 and V p LH 0 are plotted as a function of dot diameter and wire width. For the dots V p LH 0 drops from 337 mV in the 10-m dot to 236 mV in the 230-nm dot. The data points for the HH 0 peak are limited to the dots with d у600 nm. The reason is that for dϽ600 nm the determination of V p HH 0 is not reliable because of the absence of negative differential resistance, which is partially due to overlap of the two resonances. The ratio I p HH 0 /I p LH 0 of the HH 0 and LH 0 peak currents decreases with decreasing dot diameter. For the wires this effect is absent. Finally, we note that for the smaller dots the HH 0 resonance and to a lesser extent the LH 0 resonance have fine structure. In Fig. 2 this can be seen in the I-V characteristics of the 600-and 230-nm dots. Also the narrower wires show weak fine structure in the resonances. The geometrical size of the devices is too large to lead to quantum confinement in the lateral direction. Still, side-wall depletion and inhomogeneous strain relaxation may well lead to smaller electrical dimensions, and therefore, the fine structure in the smallest devices may arise from lateral confinement. In addition, inhomogeneous elastic strain relaxation can lead to lateral quantum confinement in a ring near the side wall of the dot. 13 This mechanism could be responsible for the fine structure in larger devices, such as the 600-nm dot. However, also tunneling through defect states can give rise to fine structure, as has been observed in GaAs/Al x Ga 1Ϫx As RTD's. 14 Possible explanations for the strong shift of V p LH 0 in the dots are ͑i͒ series resistance effects, ͑ii͒ quantum confinement in the lateral directions, and ͑iii͒ strain relaxation. Series resistance could cause the observed shift, if the voltage drop across the series resistance is larger in large-area devices than in small dots. However, this would also cause a shift of the HH 0 resonance, which is not observed. In addition, an upper boundary for the voltage drop across the series resistance is given by the differential resistance measured beyond the LH 0 valley ͑assuming that the series resistance is Ohmic͒. This upper boundary is much smaller than the observed LH 0 shift. Thus, series resistance effects do not explain the results. Quantum confinement of carriers in the well would give rise to splitting of the two-dimensional ͑2D͒ LH 0 subband into 0D states, which lie above the bottom of the original subband. In the emitter lateral confinement is weaker, due to stronger screening. Therefore, one expects a peak shift towards higher voltages as the dot diameter becomes smaller, in contrast to the observed shift towards lower voltage. Thus, also quantum confinement can be ruled out. This leaves strain relaxation as the explanation for the observed shift of V p LH 0 , which agrees with Ref. 3 . Since the wire widths and the dot diameters are in the same range, it seems contradictory that no peak shifts are observed for the wires. In Sec. IV we will discuss this in detail.
B. Magnetotunneling spectroscopy of the LH 0 resonance
In the dots and wires we also performed angle-resolved magnetotunneling-spectroscopy measurements, at Tϭ1.7 K and Bϭ14 T. At this magnetic field the magnetic length is l m ϭ(ប/eB) 1/2 ϭ6.9 nm, which exceeds the quantum-well width. Hence, the diamagnetic shift of the quantum-well subbands should be negligible. 15 The samples were rotated in situ. Reference measurements at Bϭ0 T were performed at the same temperature. Results for the LH 0 resonance are presented here, because in the smaller devices the HH 0 resonance could not be identified unambiguously for each field direction, neither in the I-V nor in the dI/dV-V characteristics. Figure 4 shows the peak shift LH 0 versus B for three directions of ⌬k ʈ . The anisotropy starts to be appreciable above ϳ8 T. Also it is seen that the curves do not show perfectly the expected symmetry, since the peak shifts measured for ⌬k ʈ ʈ ͓110͔ and for ⌬k ʈ ʈ ͓110͔ differ. Figure 6 shows examples of polar plots of V p LH 0 for three wires. Clearly, these plots develop in a completely different way with decreasing lateral size. The plot for the 900-nm wire is again approximately fourfold rotational symmetric. For smaller wires it is twofold rotational symmetric and with decreasing wire width it is increasingly squeezed in the ͗110͘ direction parallel to the wire. For the 250-nm wire the result is a strongly altered polar plot, in which the peak shift is five times as large for ⌬k ʈ Ќ wire than for ⌬k ʈ ʈ wire. This strong anisotropy is present over a wide magnetic-field range, as is illustrated in Fig. 7 .
We have also determined the angular dependence of the LH 0 peak current I p LH 0 , for the dots and for the wires. The results are plotted in Fig. 8 for a 5-m dot, and for 600-and 250-nm wires. In each dot and in the 900-nm wire I p LH 0 is largest for ⌬k ʈ ʈ ͗100͘. In the wires the anisotropy changes gradually. Eventually, in 250-350-nm-wide wires I p LH 0 has a completely different behavior, since it is maximum for ⌬k ʈ ʈ ͗100͘.
IV. INTERPRETATION
Our main experimental results are a decrease of the HH 0 -LH 0 peak splitting with decreasing dot diameter, a constant HH 0 -LH 0 peak splitting with decreasing wire width, and a transition from fourfold to twofold rotational symmetry of the polar plot of the LH 0 peak-voltage shift, when changing from dots to narrow wires. To interpret these results we follow Zaslavsky et al., 3 who explained a reduction of the HH 0 -LH 0 peak splitting in dots of similar size with strain relaxation in the SiGe layers. We argue that the different results on dots and wires can be explained by assuming that the relaxation is biaxial in the dots and uniaxial in the wires. For both sets of devices we explain the observed behavior of the HH 0 and LH 0 peak voltages qualitatively by analyzing the effect of relaxation on the barrier heights and the HH-LH band-edge splitting. Finally, we determine the influence of uniaxial relaxation on the in-plane dispersion of the LH band to show that this can cause the size dependence of the magnetotunneling-spectroscopy data.
A. Effect of biaxial strain relaxation on the I-V characteristics
In the dots the strain is expected to be nonuniform both in the lateral and in the vertical direction. For simplicity we use a uniform, but material-dependent strain, which is assumed to be biaxial. We first briefly summarize some properties of the valence band, valid in biaxially strained SiGe grown on a ͑001͒ Si substrate. For ⌬k ʈ ϭ0 the HH band does not mix with the LH band and the spin-orbit split-off ͑SO͒ band, irrespective of the amount of strain relaxation in the dot. Further, the HH effective mass in the current direction is independent of strain, both in the barriers and the well. Consequently, the HH barrier height is the only strain-dependent parameter that determines the energy of the HH 0 subband edge in the well. For the LH 0 subband edge the situation is different. Strain relaxation reduces the HH-LH band-edge splitting in the well. Further, strain relaxation in the SiGe layers is accompanied by a buildup of tensile strain in the Si barriers. This splits the HH and LH bands in the Si, resulting in a lowering of the LH barrier with respect to the HH barrier. This is contrary to the situation in the compressively strained SiGe layers, where the HH band forms the valenceband edge.
First, we consider the HH 0 resonance. To understand the independence of V p HH 0 on dot diameter and therefore on the amount of strain relaxation, we use the results of Ref. 16 . The strain dependence of the band offset, i.e., of the barrier height, can be calculated from the strain-induced shift of the bulk band edges. Rewriting results from Ref. 16 , we arrive at E HH ( ʈ ), the strain-dependent energy of the heavy-hole band edge of Si or SiGe:
͑1͒
Here E 0 is the material-dependent average energy of the HH, LH, and SO band edges with respect to a fixed reference point in the absence of strain, ʈ is the in-plane strain, ⌬ 0 is the spin-orbit splitting, a and b are deformation potentials, and c 11 and c 12 are elastic constants. The strain-dependent barrier height E b,HH is now given by the difference between the SiGe and Si terms as determined by Eq. ͑1͒:
can be evaluated by assuming that the in-plane lattice constants in the barriers and the quantum well are equal. This means that the in-plane strains in the Si and SiGe are related via the bulk Si and SiGe lattice constants a 0 Si and a 0 SiGe :
We have evaluated Eq. ͑2͒ for xϭ0.22, the Ge fraction in our devices. For Si 0.78 Ge 0.22 deformation potentials, elastic constants, and the bulk lattice constant were obtained by linear interpolation between the Si and Ge values, taken from Ref. 17 . The strain-independent term of Eq. ͑1͒ was fixed using the relation E b,HH ( ʈ,coh SiGe )ϭ0.84x eV for coherently strained Si 1Ϫx Ge x grown on Si. 18 The final result is shown in Fig. 9 . Clearly, the heavy-hole barrier height is virtually independent of the strain. This implies that the HH 0 subbandedge energy is independent of the strain state of the doublebarrier structure, in agreement with our observation that V p HH 0 is independent of the diameter of the dots. height for the strain-induced band-edge splittings in the Si and SiGe. These splittings also follow from Ref. 16 :
The resulting strain dependence of the LH barrier is plotted in Fig. 9 . In this figure we also show the strain dependence of E HH SiGe ϪE LH SiGe , the HH-LH band-edge splitting in the SiGe well. The value of the SiGe spin-orbit splitting was obtained by linear interpolation of the Si and Ge values. From Fig. 9 it is seen that both the LH barrier height, measured with respect to the LH band edge in the well, and the HH-LH band-edge splitting in the well decrease strongly due to strain relaxation. Both effects are expected to lead to a strong lowering of the LH 0 level in the quantum well. Therefore, the decrease of V p LH 0 for decreasing dot diameter can be explained by biaxial strain relaxation. To prove this rigorously, the strain dependence of the LH 0 subband should be calculated using the envelope-function approximation including the mixing of the LH and SO bands. Also admixture of the HH band should be included, since coherent tunneling from the HH emitter states to the LH 0 subband only takes place for k ʈ 0 ͑unless the strain is almost completely relaxed, which would lift the HH-LH splitting and lead to population of LH emitter states͒. Finally, we remark that the lowering of the LH barrier is also expected to contribute to the relatively high LH 0 peak current that was observed in the small dots, since it leads to a higher transmission probability of the barriers.
It is difficult to estimate the average amount of strain relaxation in the smallest dots from V p LH 0 . A rough estimate can be made following Ref. 3 , where only the reduction of the HH-LH band-edge splitting in the well was taken into account. This yields a strain relaxation of ϳ80% in the 230-nm dot ͑assuming that the peak voltages are proportional to the subband-edge energies͒. In comparison with the results of Ref. 3 the size dependence of V p LH 0 is stronger, indicating that more strain is relaxed. This is as expected, since in our devices the SiGe electrodes are thicker and have a constant instead of a graded Ge content.
B. Effect of uniaxial strain relaxation on the I-V characteristics
In the wires V p HH 0 and V p LH 0 are independent of the width. At first sight, this suggests that the SiGe layers are still coherently strained. However, this seems unlikely in view of the strong relaxation in the dots. Furthermore, the twofold rotational symmetry of the polar plot of V p LH 0 measured in the 250-nm wire points to symmetry reduction of the inplane dispersion and is therefore a strong indication of strain relaxation. To solve this apparent contradiction we analyze below the influence of uniaxial strain relaxation on the barrier heights and on the HH-LH band-edge splitting in the well.
The barrier heights are derived from the strain dependence of the band-edge energies, as was also done in the case of biaxial strain relaxation. Since no analytic expressions are available for the band-edge energies, the strain-dependence is now calculated using a Hamiltonian composed of a 6ϫ6 spin-orbit interaction Hamiltonian and a 3ϫ3 strain Hamiltonian. 19, 20 The band-edge energies are then given by E HH/LH ϭE 0 ϩ⌬E
HH/LH
, where ⌬E HH and ⌬E LH are eigenvalues of the Hamiltonian and E 0 is again the average energy of the HH, LH, and SO bands in the absence of strain with respect to a fixed reference point.
In the calculation we replace the nonuniform strain by an average value, as was also done for the dots. The strain tensor is taken from Ref. 11 . First it is derived in wire coordinates xЈ, yЈ, and zЈ, parallel to the crystal axes ͓110͔, ͓110͔, and ͓001͔, respectively. The longitudinal and transverse directions of the wire are taken as the xЈ and yЈ directions. We assume that the strain component in the longitudinal direction of the wire equals the misfit, which should be a good approximation given the length of the wire. The small amount of strain relaxation due to the presence of misfit dislocations is neglected. The three shear strain components are zero due the symmetry of the wire in the xЈ-yЈ plane. The stress in the vertical direction is also taken zero. Thus, of the six independent strain components and six independent stress components, which are related to each other by Hooke's equation, four strain components and one stress component are known. Only one independent element is left, the strain in the transverse direction. This is treated as an adjustable reduced strain parameter ␣ uni , defined as the ratio of the strain in the yЈ direction and the strain in the ͗110͘ direction in a coherently strained film. Solving Hooke's equation now yields the SiGe strain tensor Ј in wire coordinates: 
where the Si elastic constants are used. Finally, the Si and SiGe strain tensors are transformed to crystal coordinates. This yields
The nonzero off-diagonal strain elements give rise to mixing of the HH band with the LH and SO bands. With Eqs. ͑5͒-͑7͒ for the strain the eigenvalues of the Hamiltonian were computed for different values of ␣ uni . The final results of the calculation, the HH and LH barrier heights and the HH-LH band-edge splitting in the SiGe, are depicted in Fig. 10 . The HH barrier is only slightly higher for uniaxially stressed SiGe than for coherently strained SiGe. If we assume that despite the band mixing the holes tunneling to the HH 0 subband mainly see the HH barrier, it becomes clear that the HH 0 resonance voltage is virtually independent of the wire width. The LH barrier, measured with respect to the LH band edge in the SiGe, is lowered due to relaxation. The HH-LH splitting, on the other hand, increases due to uniaxial strain relaxation, after a small decrease for 0.9Ͻ␣ uni р1. Thus the strain dependencies of the LH barrier height and the HH-LH splitting in the well have opposite effects on the LH subband energy for ␣ uni Ͻ0.9 and it is not clear from this analysis whether it increases or decreases due to relaxation. Hence, it is understandable that the LH 0 resonance does not shift significantly as the wire becomes narrower. Finally, it is remarkable that the lowering of the LH barrier does not result in an increase of the LH 0 peak current with respect to the HH 0 peak current for decreasing size, as was observed in the dots. Possibly, this can be explained by a calculation of the current incorporating the band mixing in the correct way. The angular dependence of the peak shift measured with magnetotunneling spectroscopy is usually interpreted as a direct representation of the in-plane anisotropy of a subband. We assume that this is also valid in our submicrometer devices, keeping in mind that the anisotropy is expected to depend on the position in the wire because of the nonuniform strain. Hence, it seems highly probable that the twofold rotational symmetry observed in the small wires ͑Fig. 6͒ is a consequence of uniaxial strain relaxation. The measurements on the dots provide evidence that biaxial strain relaxation has only little influence on the in-plane dispersion of the LH 0 subband.
To check whether uniaxial strain relaxation indeed influences the anisotropy strongly, the in-plane dispersion in partly relaxed SiGe is derived below. This was done by calculation of the eigenvalues of the same Hamiltonian as used in the previous section with a k•p Hamiltonian 22 added. The Si 1Ϫx Ge x band parameters used were obtained by linear interpolation between the Si and Ge values of Ref. 17 . We assumed that half of the stress in the transverse direction was relaxed, corresponding to ␣ uni ϭ0.472. For our purpose it is sufficient to calculate the anisotropy of the bands in ''bulk'' Si 0.78 Ge 0.22 , without using the envelope-function approximation for our heterostructure. Still, we have taken quantum confinement tentatively into account in the following way. The LH 0 subband-edge energy E LH 0 can be roughly estimated from the measured V p LH 0 by assuming that the ratio E LH 0 /V p LH 0 is determined by the thicknesses of the undoped layers 23 and equals
where b, w, and s are the thicknesses of the barriers, the quantum well, and the collector spacer layer, respectively. This yields E LH 0 ϭ75 meV for the 250-nm wire. The wave vector k z for which the bulk SiGe LH energy E
, which is used in the calculations. Finally, we set the in-plane wave vector ⌬k ʈ ϭeB⌬z/បϭ2.8ϫ10 8 m
Ϫ1
, where we used Bϭ14 T and a value for the tunneling distance of ⌬zϭ 1 2 wϩbϩ Х13 nm. The average distance of the emitter holes to the barrier was estimated using the Fang-Howard model. 24 This model assumes that the holes are 2D, as was the case in large area RTD's fabricated from an almost identical layered structure.
The calculation yields ⌬E
for different angles of ⌬k ʈ . The resulting polar plot is shown in Fig. 11 . To compare this with the measurements on the 250-nm wire the peak shifts were transformed to values of E LH 0 (⌬k ʈ )ϪE LH 0 (k ʈ ϭ0) using Eq. ͑8͒. Clearly, the calculated curve adopts the twofold symmetry of the partially relaxed lattice and ⌬E LH (⌬k ʈ ) is considerably larger for ⌬k ʈ Ќ wire than for ⌬k ʈ ʈ wire. This qualitative agreement of the model calculations with the measurements supports the interpretation that the in-plane anisotropy of the peak shift is due to uniaxial strain relaxation. The quantitative difference is not surprising in view of the simplicity of the model. Furthermore, the outcome of the model is sensitive to the estimated values of k z and ⌬k ʈ , to the amount of strain relaxation and to the SiGe material parameters.
V. SUMMARY AND CONCLUSIONS
We have made Si/SiGe RTD's using nanofabrication techniques. Both cylindrical dots and rectangular wires were fabricated, with lateral dimensions between 230 nm and 10 m. The low-temperature I-V characteristics showed two resonances, which were due to tunneling via the HH 0 and LH 0 quantum-well subbands. In the dots a strong reduction of V p LH 0 was observed as the dots became smaller. The HH 0 peak voltage, on the other hand, was independent of dot diameter. In the wires, on the contrary, the peak voltages showed no dependence on the wire width, an unexpected effect. These results arise from the effect of uniaxial and biaxial strain relaxation on the HH-LH splitting and on the HH and LH barrier heights. The in-plane anisotropy of the LH 0 subband was determined with angle-resolved magnetotunneling spectroscopy. In the dots and in the widest wire the subband was approximately fourfold rotational symmetric. For decreasing wire width the anisotropy gradually changed and had a twofold rotational symmetry. This result can also be explained by partial uniaxial strain relaxation.
In conclusion, we have successfully used Si/SiGe RTD's to study the effect of strain relaxation on the hole subbands in a quantum well. In particular, two strain-dependent properties of the subbands were studied: the subband energies and ͑the anisotropy of͒ the in-plane dispersion. The device geometry determines the type of strain relaxation. Biaxial relaxation in dots leads to a severe lowering of the LH 0 subband-edge energy, whereas uniaxial relaxation in wires leaves the subband-energies largely unchanged. Further, we have presented evidence that uniaxial strain relaxation modifies the in-plane dispersion of the LH 0 subband strongly. 
